Abstract . Basic fibroblast growth factor (bFGF)
P ROLIFERATION and differentiation of haematopoietic stem cells in bone marrow is dependent on the continuous supply ofgrowth factors such as the colony stimulating factors (Metcalf, 1986; Clark and Kamen, 1987) , and close association between the primitive progenitor cells and bone marrow stromal cells is required (Dexter et al., 1977 ; Dexter, 1982) . Itis thought that stromal cells produce growth factors essential for haematopoietic cell development and that these are deposited in the extracellular matrix (ECM)1 . The fact thatgranulocyte-macrophage colony stimulating factor and interleukin-3 have been shown to bind in a biologically active form to heparan sulfate in bone marrow stroma (Gordon et al ., 1987; Roberts et al ., 1988) supports this hypothesis.
Basic fibroblast growth factor (bFGF), a ubiquitous mul-however, were not released by PI-PLC . While only trace amounts of the bFGF-binding 200-kD HSPG were released spontaneously from bone marrow cultures, incubation with PI-PLC solubilized almost all of the 200-kD HSPG. The HSPG could be metabolically labeled with ethanolamine or palmitate, which was partially removed by treatment with PI-PLC. These findings indicate linkage of the HSPG to the cell surface via a phosphatidylinositol anchor. Plasmin released the 200-kD HSPG less efficiently than PI-PLC .
We conclude that HSPGs of human bone marrow serve as a reservoir for bFGF, from which it can be released in a biologically active form via a dual mechanism; one involving a putative endogenous phospholipase, the other involving the proteolytic cascade of plasminogen activation. tifunctional growth factor, is found in many tissues, tumors, and cell lines (for a review see Rifkin and Moscatelli, 1989) . In endothelial cells in vitro, bFGF acts as an autocrine growth factor (Sato and Rifkin, 1988) and induces cell growth, cell migration, DNA synthesis, plasminogen activator (PA), and metalloproteinase production, indicating the involvement of this growth factor in neovascularization and wound repair . In human bone marrow cultures, bFGF stimulates cell growth and the formation of a primary stromal cell layer and delays senescence of stromal cultures (Oliver et al ., 1990) . It also enhances myelopoiesis when added to long-term human bone marrow cultures in vitro (Wilson et al., 1991) . Whereas bFGF alone had no effect on colony formation by progenitor cells, it enhanced synergistically the frequency ofcolonies produced by other haematopoietic growth factors (Gabbianelli et al., 1990; Wilson et al., 1991) .
bFGF is not found in significant amounts in serum or cell culture supernatants (Gauthier et al., 1987) but is deposited into the ECM of endothelial cells (Vlodavsky et al., 1987) .
ECM-bound bFGF provides a reservoir of biologically active growth factor, which is able to mediate long-term biological effects (Flaumenhaft et al ., 1989) . Nonreceptor bFGF binding sites, heparan sulfate proteoglycans (HSPGs), are present on the cell surface as well as in the ECM . The growth factor is released from these sites as a biologically active growth factor-heparan sulfate proteoglycan (HSPG) complex by the serine proteinase plasmin (Saksela and Rifkin, 1990 ) and by heparanases (Ishai-Michaeli et al., 1990) . HSPGs are also modulators of the biological activity of bFGF as heparin and heparan sulfate protect the growth factor from proteolytic inactivation (Saksela et al., 1988) . Polyanionic glycosaminoglycans also increase the diffusion of bFGF within an endothelial cell monolayer, thereby extending the range of biological action ofthis factor (Flaumenhaft et al., 1990) . In addition, heparin-like molecules were reported to be accessory molecules necessary for bFGF binding to its high-affinity receptor (Yayon et al., 1991) . This indicates thatbFGF complexes with HSPGs or glycosaminoglycans serve as the biologically active forms of this growth factor.
In this paper, we demonstrate that bFGF binds to HSPGs of human primary bone marrow cultures . The major bFGFbinding HSPG, which has a molecular size of -200 W, is linked to the stromal cell surface via a phosphatidylinositol (PI) anchor. Consequently, bFGF is released as biologically active growth factor-HSPG complex not only by plasmin, but more efficiently by PI-specific phospholipase C (PI-PLC). These results suggest a dual mechanism of bFGF release in human bone marrow cultures . The first and more efficient mechanism involves the release of PI-linked bFGF-HSPG complexes from the stromal cell surface by a putative endogenous phospholipase . The second mechanism involves the proteolytic cascade of plasminogen activation and plasmin-mediated ECM degradation also leading to the solubilization of bFGF-HSPG complexes .
Materials and Methods

Reagents
Recombinant bFGF was a generous gift of Synergen Inc . (Boulder, CO) (Sommer et al ., 1987) . [ 111 1]bFGF (7.9 mCi/mg) was kindly provided by Dr. D. Moscatelli (NYU Medical Center, New York) . Sodium 05 S]sulfate (250-1,000 mCi/mmol) was obtained from Du Pont (Wilmington, DE), [1-3H] ethanolamine (30.4 Ci/mmol) and [9,10(n)3H]palmitic acid (53.6 Ci/mmol) from Amersham (Arlington Heights, MA) . PI-PLC (600 u/mg ; protease-free) and phosphatidylcholine PLC (PC-PLC ; 2,000,u/mg) were purchased from Boehringer (Mannheim, FRG) . Plasminogen was purified from outdated human plasma (Deutsch and Mertz, 1970) , and urokinasetype PA was purchased from Leo Pharmaceuticals (Denmark) . Affinitypurified polyclonal antibodies against recombinant bFGF (Dennis and Rifkin, 1990 ) were a generous gift of P. A . Dennis (NYU Medical Center, New York) . Goat anti-rabbit IgG coupled to alkaline phosphatase was obtained from Promega Biotec (Madison, WI) . Plasmin (4 It/mg), its chromogenic substrate D-Val-Leu-Lys p-nitroanilide, heparinase (12,000 p/mg), aprotinin (9,900 KIU/mg), fatty-acid free BSA, 4-methylumberylliferyl R-D-xyloside, hydrocortisone, heparin, 5-bromo-4-chloro-3-indolyl phosphate, nitro blue tetrazolium, and protein A-Sepharose CL-4B were obtained from Sigma Chemical Co . (St . Louis, MO) .
Cell Culture
Human bone marrow cells were obtained from healthy adult volunteers following informed consent . Buffy coat cells were seeded in alpha modified Eagles medium (Flow Laboratories, McClean, VA) containing 12 .5 % FCS The Journal of Cell Biology, Volume 114, 1991 (Intergen Company, New York, NY), 12 .5 % horse serum (Gibco Laboratories, Grand Island, NY), 10-6 M hydrocortisone, 10 -°M 2-mercaptoethanol, 2 mM L-glutamine, and antibiotics . After 3-4 wk an adherent stromal cell layer containing haematopoietic progenitor cells was present (Dexter, 1982) . All experiments were performed using confluent cell layers of the same frozen stock of primary bone marrow cells . For studies on bFGF binding or on the enzymatic release of bFGF or HSPG into the medium, the cultures were washed with PBS and incubated in the medium specified above but without serum . Cell lysates were prepared by incubating the cell layer with PBS containing 0.5 % Triton X-100 for 15 min at 37°C . The residual stromal cell matrix, still containing fragments of the lysed cells, was extracted for 15 min at 37°C with reducing SDS-PAGE sample buffer. This extract represented a mixture of cellular and matrix constituents because of the incomplete separation of these components .
Bovine aortic (RAE) and capillary endothelial (BCE) cells were isolated as described previously (Folkman et al ., 1979) and grown at 37°C in alpha modified Eagles medium supplemented with 5 % calf serum, 2 mM L-glutamine, and antibiotics . Cells were used for experiments between passage 5 and 10.
Metabolic Labeling of Bone Marrow Cells
For the labeling of the glycosaminoglycan side chains of proteoglycans, cells were grown until confluent in 24-well Linbro plates and incubated overnight with ["S]sulfate (40 ACi/ml) in serum-free bone marrow culture medium (250 ul/well) .
For the labeling of the PI anchor of the 200-kD HSPG, 5 mCi of [3 H]palmitic acid were dried under nitrogen and dissolved in 100 pl of cold 95% ethanol . A palmitate-BSA complex was prepared by adding 1 .25 ml of a solution of 20 mg/ml of fatty-acid free BSA in 10 mM sodium phosphate buffer, pH 7.0, containing 150 mM sodium chloride to the [ 3H]palmitic acid. The complex was allowed to form for 1 h at room temperature. Cells were grown until confluent in an 80-cmz flask and were incubated overnight with the palmitate-BSA complex (0.8 mCi/ml) in serum-free bone marrow culture medium (6.25 ml/flask) containing 200 KIU/ml aprotinin . Alternatively, cells were incubated overnight with [3H]ethanolamine (167 pCi/ml) in serum-free medium containing 200 KIU/ml of aprotinin and 20 ng/ml of bFGF to achieve maximal incorporation of the label into the HSPG. Cell lysates were prepared as described above and PMSF was added to a final concentration of 1 mM .
1ZSIJbFGFBindingAssay
The [ 121 I]bFGF binding assay was a modification of the procedure described by Moscatelli and Devesly (1990) . Bone marrow cells were cultured in 96-well plates until confluent and incubated with 0-1,000 ng/ml of bFGF containing 7.9-79 nCi/ml [ 125 I]bFGF (7 .9 mCi/mg) in serum-free bone marrow cell culture medium (100 Wl/well) supplemented with 0.15 % gelatin and 25 mM Hepes buffer, pH 7.2 . After incubation on a shaker for 2 h at 4°C, excess bFGF was removed by extensive washing of the cell layers with PBS followed by determination of the amount of radioactivity in the cell extract and the ECM, respectively, using a Packard MULTI-PRIAS 1 gamma counter .
Immunoprecipitation of bFGF-HSPG Complexes
HSPGs were metabolically labeled overnight with [ 35S]sulfate, [ 3 H]palmitic acid, or [3 H]ethanolamine as described above . The labeled HSPGs were precipitated by addition of bFGF-anti-bFGF IgG complexes immobilized on protein A-Sepharose beads (Saksela and Rifkin, 1990) . The precipitates were analyzed by SDS-PAGE (Laemmli, 1970) in 3-16% acrylamide gradient gels (Saksela and Rifkin, 1990) . bFGF Ligand Binding Assay Serum-free culture supernatants, cell lysates, and ECM extracts of primary bone marrow cell cultures were subjected to SDS-PAGE in 3-16% acrylamide gradient gels. Proteins were transferred onto nitrocellulose filters (Schleicher & Schuell, Keene, NH) according to 'Ibwbin et al . (1979) at 250-500 mA for 12-36 h . Unoccupied protein binding sites on the nitrocellulose filters were blocked with 5 % dry milk in PBS for 1 h . After incubation with bFGF (1 kg/ml in PBS containing 5 % dry milk) for 1 h, bound bFGF was detected by incubation with affinity-purified rabbit anti-bFGF IgG (5 /ig/ml in PBS containing 5 % dry milk) and goat anti-rabbit IgG coupled to alkaline phosphatase (1:10,000 in PBS containing 5% dry milk) .
Alkaline phosphatase activity was visualized using 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium. All incubations were performed at room temperature .
bFGF Immunoblotting
Immunoblotting was performed essentially as described for the bFGF ligand binding assay (see above) except that the incubation step with bFGF was omitted .
PA Assay
PA was assayed via the activation of plasminogen to plasmin followed by the cleavage of a chromogenic plasmin substrate as described previously (Brunner et al ., 1989) . BAE cells were cultured in 96-well plates until confluent and incubated overnight with bFGF-containing samples . Cells were then lysed by addition of 30 mM Tris-HCI buffer, pH 7.5, containing 60 mM sodium chloride and 0.5 % Triton X-100 (60 k1/well) . After incubation for 15 min at 37°C, PA activity in the cell lysates was determined directly in the wells in a coupled chromogenic assay by adding 20 td of human plasminogen (500 hg/ntl) and 20 pl of DVal-Leu-Lys p-nitroanilide (3.5 mM) as substrates . After incubation for 30 min at 37°C, optical density at 405 nun was determined using a microtiter plate reader. The values were corrected for plasmin contamination of the reagents (buffer control) and for plasmin-independent turnover of the chromogenic substrate (controls lacking plasminogen) .
Results
Demonstration of Endogenous bFGF in Bone Marrow Cultures
It is known that bFGF is a potent mitogen for primary human bone marrow cells (Oliver et al., 1990) and that this growth factor promotes myelopoiesis in long-term human bone marrow cultures (Wilson et al ., 1991) . To investigate whether bFGF might be produced as an autocrine growth factor by bone marrow cultures themselves, we examined Triton X-100 cell lysates and ECM extracts for the presence of bFGF immunoreactivity. In immunoblotting experiments bFGF was found in ECM extracts at a molecular weight position of 18 kD (Fig . 1 , lane 2), but was undetectable in cell lysates (Fig . 1, lane 1) . A less intense band was also observed at -32 kD. This may represent a dimer of bFGF (our unpuband anti-rabbit IgG coupled Normal rabbit IgG (5 pg/ml) were evident (not shown) . Figure 1 . Demonstration of bFGF inprimary human bone marrow cultures. Cells were cultured until confluent and lysed for 15 min at 37°C in PBS containing 0 .5% Triton X-100 (5 x 106 cells/ml) . The residual stromal cell matrix was extracted for 15 min at 37°C with a corresponding volume of reducing SDS-PAGE sample buffer. Aliquots of cell lysates (lane 1) and ECM extracts (lane 2) (each corresponding to 4 .5 x 105 cells) were analyzed by SDS-PAGE in 15 gels under reducing conditions. bFGF was detected by immunoblotting using affinity-purified anti-bFGF IgG (5 p,g/ml) to alkaline phosphatase (1:10,000) . was used as a control and no bands Brunner et al . Release of bFGF from Human Bone Marrow by Phospholipase C 1277 Figure 2 . Identification of bFGF-binding HSPGs in bone marrow cultures. Cells were cultured in serum-containing medium in 24-well plates until confluent and extracted (250 Al/well) as described in Fig.  1 . Aliquots (90 Al) of cell extracts, ECM, or 24-h serum-free conditioned medium (2501al/well) were analyzed by SDS-PAGE in 3-16% gel gradients under reducing conditions . bFGF-binding molecules were detected by ligand blotting using recombinant bFGF (1 pg/ml), affinity-purified anti-bFGF IgG (5 p,g/ml), and antirabbit IgG coupled to alkaline phosphatase (1:10,000). No bands were seen using normal rabbit IgG as a control, or if the incubation step with bFGF was omitted (not shown) . (lane 1) Conditioned medium ; (lane 2) cell extract ; (lane 3) ECM extract . lished data) . Since bFGF is not present in serum, this result suggested that bFGF was produced by the bone marrow cultures .
Identification ofHeparin-like bFGFBinding Sites in Bone Marrow Cultures
To demonstrate the presence of bFGF binding sites in primary human bone marrow cultures, exogenous [ 12Sí]bFGF was added to confluent cell layers and cell-bound bFGF was quantified in Triton X-100 cell lysates . The residual ECM was then extracted with reducing SDS-PAGE sample buffer. This extract represented a mixture of matrix and cellular components, since the detergent treatment did not result in complete removal of cells sequestered in the ECM .
Both compartments, bone marrow cells and the ECM, contained bFGF binding sites, which were not saturable up to a bFGF concentration of 1 Ag/ml (results not shown) . After addition of bFGF, -13 % of the growth factor was recovered in the cell lysate and 27% in the ECM extract (i .e., a total of 40%) . The bFGF binding capacity of bone marrow cultures calculated from these values exceeded 70 ng/105 cells . bFGF has been shown to bind to heparan sulfate and HSPGs of endothelial cells (Saksela et al ., 1988 ; Saksela and Rifkin, 1990) , and bFGF binding to these sites can be competed by heparin (Flaumenhaft et al., 1989) . We therefore examined our bone marrow cultures for evidence of heparinlike bFGF binding sites, and noted that in the presence of 100 Ag/ml of heparin, bFGF binding was almost completely abrogated (results not shown) . More than 95% of the cellular and 98 % ofthe matrix binding sites were competableby heparin . This is consistent with previous reports on bFGF binding to cultures of BCE cells (Moscatelli, 1987 (Moscatelli, , 1988 .
To characterize further the heparin-like bFGF binding sites in primary bone marrow cultures, we prepared serumfree conditioned medium, Triton X-100 cell lysates, and an extract of the residual ECM . These fractions were screened for bFGF-binding molecules by SDS-PAGE followed by ligand blotting (see Materials and Methods) .
Using this technique, bFGF was shown to bind to a series of molecules of a molecular size of ti 200 kD in both the cell extract and ECM (Fig . 2, lanes 2 and 3) representing differentially glycosylated variants of a proteoglycan (see below) . In addition, a small amount of binding to species of higher molecular weight was observed in the ECM sample and in the medium (Fig . 2, lanes 1 and 3) . The 200-kD molecule was spontaneously released from the cultures, since it was also present in conditioned medium (Fig . 2, lane 1) .
The 200-kD bFGF-binding molecule was identified as a HSPG, as it was metabolically labeled with [11S]sulfate (see Figs . 5 and 8) , and bFGF binding was abolished by pretreatment of the cultures with heparinase (results not shown) . Furthermore, growth of the cells in the presence of 4-methylumberylliferyl ß-D-xyloside, which inhibits the attachment of the glycosaminoglycan side chains to the core protein of proteoglycans (Schor and Schor, 1988) , almost completely abrogated bFGF binding to the 200-kD molecule in ligand blotting experiments (not shown) . Finally, the molecule was sensitive to proteolytic digestion, as it was released from the cultures by plasmin treatment (see Fig . 7 ) . The 200-kD bFGF-binding HSPG of bone marrow cultures was similar in size to that found in BCE cell cultures (250 kD) (Saksela and Rifkin, 1990 ) .
Enzymatic Release of bFGF from Bone Marrow Cultures
To have a biological effect in bone marrow cultures, bFGF Figure 3 . Enzymatic release of bFGF from bone marrow cultures. Cells were cultured in serum-containing medium in 24-well plates until confluent and 1 ug/ml of recombinant bFGF in serum-free medium containing 0.15% gelatin (250 ,1/well) was added for 1 h at 37°C. After extensive washing with PBS, cells were either rinsed briefly with serum-free medium (250,ul/well) without a further incubation (lanes 1 and 4) , or incubated for a further 2 h with medium alone (lanes 2 and S) or 0.5 pg/ml of PI-PLC (lanes 3 and 6). All incubations were performed in the presence of 100 KIU/ml of aprotinin. Aliquots (90 I1) of conditioned media (lanes 4-6) or of the corresponding cell lysates (lanes 1-3), prepared as described in Fig . 1 (250,1/well) , were analyzed by SDS-PAGE in a 15% gel followed by immunoblotting as described in Fig. 1 . The last lane contained 50 ng of recombinant bFGF.
The Journal of Cell Biology, Volume 114, 1991 has to be released from its heparin-like binding sites . Since the HSPG described above constitutes the major binding site for bFGF in bone marrow cultures (Fig . 2 and data not  shown) , the solubilization of these HSPGs might represent a mechanism for the release of bFGF from this reservoir. It has been shown that bFGF bound to HSPGs of the endothelial cell matrix is solubilized by plasmin (Saksela and Rifkin, 1990) or heparanases (Ishai-Michaeli et al ., 1990) . HSPGs in liver, brain, ovaries, and lung, however, have been proposed to be linked to the cell surface via a PI anchor (Ishihara et al ., 1987; Carey and Evans, 1989 ; Yanagashita and McQuillan, 1989; David et al., 1991) . We therefore investigated whether bFGF bound to HSPGs can be released from bone marrow cultures by treatment with various enzymes.
bFGF (1 Fig/ml ) was added to primary bone marrow cultures for 1 h at 37°C. After extensive washing the cultures were subsequently incubated for a further 2 h with heparinase (0.5 Ag/ml), plasmin (1 wg/ml), or PI-PLC (0.5 p,g/ ml) . bFGF release by these enzymes was demonstrated by SDS-PAGE and immunoblotting of serum-free conditioned media and the corresponding Triton X-100 cell lysates . After incubation for 2 h with plasmin or heparinase, bFGF release into the medium was slightly increased compared to control cultures (results not shown) . In contrast, incubation of the cultures with PI-PLC considerably increased the amount of bFGF found in the medium as compared to the spontaneous release of bFGF (Fig. 3 , lane 6 compared to lane S) . The release of bFGF into the medium was associated with its corresponding disappearance from the cell extracts (Fig. 3 , lane 3 compared to lane 2) .
To examine the time course of the release of bFGF by PI-PLC, we incubated primary bone marrow cultures with [ í25 I]bFGF (100 ng/well ; 26,400 cpm/well) as described above . After extensive washing, the cultures were subsequently incubated with PI-PLC (0.5 ug/ml) and the amount of labeled bFGF in conditioned media, cell extracts, and residual ECM was determined at different time intervals . Approximately 66 % (corresponding to 4.4 ng/well) of the cellbound bFGF was released by PI-PLC after incubation for 2 h (Fig . 4) . Some of the residual bFGF contained in the cell lysates might represent bFGF, which was internalized by the cells during the incubation period . An initial small decrease in the amount of bFGF bound to the ECM was observed, which could result from the incomplete separation of cells and matrix as mentioned previously.
bFGFIs Released as a Complex with the 200-kD HSPG by PI-PLC and Plasmin
The highly efficient release of bFGF by PI-PLC suggested that the major bFGF binding site, the 200-kD HSPG, might be linked to the cell surface via a PI anchor. If this was the case, bFGF would be solubilized by PI-PLC as a complex with the HSPG. To test this hypothesis, we attempted to isolate bFGF-HSPG complexes from the supernatants of enzymatically treated cultures .
HSPGs of primary bone marrow cultures were metabolically labeled overnight with [11S]sulfate and incubated with 1 pg/ml of ['251]bFGF for 1 h. After extensive washing with PBS, the cultures were then incubated with PI-PLC, plasmin, or heparinase to release double-labeled bFGF-HSPG complexes . The complexes were precipitated from the supernatants by addition of protein A-Sepharose beads coated Figure 4 . Time course of bFGF release from bone marrow cultures by PI-PLC. Cells were cultured in serum-containing medium in 96-well plates until confluent and cultures were incubated with ["II]bFGF (1 pg/tnl in serum-free medium containing 0.15 % gelatin; 264,000 cpm/ml; 100 Id/well) for 1 h at 37°C. After extensive washing with PBS, cultures were incubated with 0.5 pg/nil of Pl-PLC (100 td/well) containing 100 KIU/ml of aprotinin and extracted (100 ul/well) as described in Fig. 1 . Radioactivity in conditioned medium (e), cell extract (o), or ECM (o) was determined by counting the samples in a gamma counter. Values represent the mean value ofduplicate samples, and similar results were obtained in two separate experiments.
with anti-bFGF IgG and analyzed by SDS-PAGE under reducing conditions . This procedure separated the complexes into two components-the 200-kD ["S]HSPG and the 18ÁD ['z5I]bFGF. Supernatants of cultures incubated with PI-PLC contained considerably higher amounts of bFGF-HSPG complexes than the medium control (Fig. 5 A, lane 5 compared to lane 2). This is in agreement with the increased release of bFGF by PI-PLC shown in Fig. 3 . Whereas plasmin also released an increased amount of bFGF-HSPG complexes compared to control cultures (Fig.  5 , lane 4 compared to lane 2), heparinase did not significantly alter the amount ofbFGF released spontaneously from the cultures (Fig. 5, lane 3compared to lane 2) . The presence ofboth bFGF and HSPG in the precipitates indicated the release of intact bFGF-HSPG complexes from bone marrow cultures by treatment with PI-PLC and, to a lesser extent, by plasmin . The amount of bFGF released under the different conditions used was quantitated by densitometric scanning of the bFGF band (Fig. 5 C) . The results indicated that PI-PLC and plasmin were more effective in releasing bFGF than heparinase .
Using the same technique, we isolated bFGF-HSPG complexes released from BAE and BCE cell cultures by PI-PLC treatment . The bFGF-binding HSPGs of these cultures differed somewhat in their molecular size from those of bone marrow cultures (Fig. 5 B and Saksela and Rifkin, 1990) . It appeared, however, that the spontaneous release of bFGF was not significantly increased by incubation with PI-PLC (Fig. 5, lanes 2 and 4 compared to control lanes 1 and 3) . This conclusion was also supported by the densitometric scanning of the bFGF band (Fig. 5 C) . A band of increased intensity was observed at the top ofthe gel after addition of Brunner PI-PLC to BAE cells (Fig. 5 B, lane 2) . This was not reproducible and most likely comprised aggregates of proteoglycans which were unable to enter the gel.
These results suggest the existence of different types of bFGF-binding HSPGs in primary human bone marrow cultures and in bovine endothelial cell lines which differ in their sensitivity towards release by PI-PLC .
The Released bFGF-HSPG Complex Is Biologically Active bFGF is known to stimulate PA production in endothelial cells Presta et al., 1986) and, as mentioned previously, bFGF complexed to HSPGs is most likely the biologically active form of this growth factor. To determine whether the bFGF, which is released as a complex with the 200-kD HSPG (see Fig. 5 A) , is biologically active, we incubated BAE cells overnight with bFGF-HSPG complexes that had been released from bone marrow cultures after incubation with PI-PLC. The cells were then lysed in Triton X-100, and the PA activity in the lysates was determined using plasminogen and DVal-Leu-Lys p-nitroanilide as substrates .
bFGF (1 and 3 ng/ml) increased PA production by BAE cells 2-2 .3-fold (Fig. 6 , columns 2 and 3 compared to column 1). bFGF-HSPG complexes, released from bone marrow cultures by treatment with PI-PLC, stimulated PA production 3.3-fold at a dilution of 1:250 (Fig. 6 , column 8 comparedto column 1) and 2.4-fold at 1:1,250 (Fig. 6 , column 9 compared to column 1). At these dilutions, control conditioned medium as well as PI-PLC itself (0.5 ug/ml) did not affect PA activity (Fig. 6, columns 4 and S compared to column 1, and results not shown) . These results indicate that the amount of bFGF released by PI-PLC exceeded 1 ug/ml and was significantly higher than that released spontaneously from the cultures . To exclude the possibility that the stimulation of PA production was caused by other compounds released from the bone marrow cells, we attempted to reverse the stimulatory effect by inhibitory antibodies to bFGF The basal PA activity of BAE cells was almost completely suppressed by anti-bFGF antiserum (Fig. 6 , columns 6 and 7 compared to 4 and 5). Apparently the basal PA activity observed was due to the endogenous release of bovine bFGF-HSPG complexes (see Fig . 5 B) . Similarly, the PA activity of BAE cells stimulated by the PI-PLC releasates from the bone marrow cultures was almost completely suppressed by anti-bFGF antiserum (Fig. 6, columns 10 and Il compared to columns 8 and 9). These results indicated the presence of active bFGF in the conditioned media. PA induction due to the release ofendogenous bovine bFGF-HSPG complexes catalyzed by the PI-PLC contained in the stromal cell conditioned media can be excluded, since a concentration of PI-PLC 1,000-fold higher than used in these experiments did not release detectable amounts of bFGF from endothelial cells after an incubation period of 2 h (Fig. 5 B) .
The 200-kD HSPG Is Linked to the Cell Surface via a PI Anchor
The release of the bFGF-HSPG complexes from primary bone marrow cultures by PI-PLC (see Fig. 5 A) , but not by phosphatidylcholine-specific PLC (results not shown), indicated the presence of a PI-containing cell surface anchor for the 200-kD bFGF-binding HSPG. One would therefore ex- Figure 5 . Demonstration of enzymatically released bFGF-HSPG complexes. Cells were cultured in serum-containing medium in 24-well plates until confluent and proteoglycans were metabolically labeled overnight with [ 35 S]sulfate (40 jkCi/ml in serum-free medium; 250 Al/well) . ['z5I]bFGF (1 ug/ml in serum-free medium containing 0.15% gelatin; 100,000 cpm/ml ; 250,u1/well) was then added to the cultures for 1 h at 37°C . (A) Bone marrow cultures . After extensive washing with PBS, double-labeled bFGF-HSPG complexes were released by incubation for 2 h at 37°C with medium alone (250 j1/well) (lane 2), 0.5 pg/ml of heparinase (lane 3), 1 ug/ml of plasmin (lane 4), or 0.5 Ag/ml of PI-PLC (lane 5) . All incubations, except for those containing plasmin, were performed in the presence of 100 KIU/ml of aprotinin. The complexes were then isolated by precipitation with protein A-Sepharose beads coated with anti-bFGF IgG, and analyzed by SDS-PAGE in 3-16% gel gradients followed by autoradiography. Lane 1 contained 0.2 ng (3,500 cpm) of ['z5I] pect that the HSPG itself should be released by PI-PLC . Moreover, the HSPG should be metabolically labeled with PI anchor components, such as ethanolamine and fatty acids.
To test the first assumption, primary bone marrow cultures were incubated at 37°C with medium, plasmin, or PI-PLC, and after various time intervals the resulting conditioned medium as well as the corresponding cell extracts were analyzed by bFGF ligand blotting . All incubations, except for those containing plasmin, were performed in the presence of 100 KIU/ml of aprotinin. The bone marrow cultures spontaneously released trace amounts of the 200-kD bFGF-binding HSPG into the medium (Fig . 7 A, lanes 1-4) . Incubation of the cell layer with 1 pg/ml of plasmin for 2 h resulted in a significant increase in the release of the 200-kD HSPG (Fig.  7, lane 8 compared to 4) . In contrast, PI-PLC (0.5 ug/ml)
The Joumal of Cell Biology, Volume 114, 1991 solubilized considerable amounts of the 200-kD HSPG after 3-10 min (Fig . 7, lanes 9 and 10 compared to control lanes 1 and 2 and plasmin lanes 5 and 6), and the release was almost complete after 2 h (Fig. 7, lane 12) . The release of the 200-kD HSPG into the medium was associated with a marked reduction in the corresponding cell-associated HSPG (Fig . 7 B) .
To determine the percentage of the total proteoglycan that was released by PI-PLC, we labeled primary bone marrow cultures overnight with ["S]sulfate. Cultures were then incubated with PI-PLC and the radioactivity in the supernatant,,cell extracts and residual ECM was determined at different time intervals. After a 2 h incubation with PI-PLC, a period which permitted almost complete release of the 200-kD bFGF-binding HSPG (see Fig. 7 , lane 12), -40% 1280 ea c 15 0 1 2 3 4 5 6 7 8 9 10 11 Figure 6 . PA induction in BAE cells by bone marrow-derived bFGF-HSPG complexes. Bone marrow cultures were preincubated with 10 ug/ml of bFGF in serum-free BAE medium containing 0.15 % gelatin, and bFGF-HSPG complexes were released by incubation with medium alone (columns 4-7) or PI-PLC (columns 8-11) as described in Fig . 5 . Aliquots (100 11) of serum-free control medium (columns 1-3) or of diluted bone marrow culture conditioned media (columns 4-11) were added to confluent BAE monolayers seeded in 96-well plates and incubated overnight at 37°C . PA activity in BAE cell lysates was then assayed for 30 min at 37°C as described in Materials and Methods and expressed as the mean value of triplicate wells f SEM . Control medium (column 1) ; medium containing 1 (column 2) or 3 ng/ml (column 3) of recombinant bFGF ; bone marrow culture conditioned media diluted 1 :250 (columns 4 and 6) or 1 :1,250 (columns 5 and 7) ; PI-PLC-conditioned media diluted 1 :250 (columns 8 and 10) or 1 :1,250 (columns 9 and 11) . Conditioned media contained either anti-bFGF antiserum 1 :50 (columns 6, 7,10,11) or preimmune rabbit serum 1:50 (columns 4, 5, 8, 9) . of the total cellular [35 S]sulfate label was solubilized . This appeared to be derived predominantly from the cells, as there was little change in the ["S]sulfate content of the matrix (results not shown) .
To test the second assumption, namely that the 200-kD HSPG is linked to the cell surface via a PI anchor, primary bone marrow cells were metabolically labeled overnight with 167 pCi/ml of [3H]ethanolamine, with 0.8 mCi/ml of a [3H]palmitic acid-BSA complex, or with 40 ACi/ml of ["S]sulfate. bFGF-binding molecules were isolated from cell lysates by the addition of protein A-Sepharose coated with bFGF-anti-bFGF IgG complexes . The precipitates were analyzed by SDS-PAGE followed by autoradiography. The 200-kD HSPG labeled by ethanolamine (Fig. 8, lane 2) , by palmitic acid (lane 2), or by sulfate (lane 3) was precipitated by this technique . Incubation of the precipitated [3H]palmitate-labeled HSPG with 3 .3 ug/ml of PI-PLC for 2 h at 37°C resulted in a significant removal of the label as compared to incubation with medium alone (results not shown) . This indicated that part of the fatty acid was incorporated into the PI anchor. The HSPG was not precipitated by addition of protein A-Sepharose beads coated with preimmune rabbit IgG (not shown) . Bone marrow cells were noted to express two or three other bFGF-binding proteins that were laBrunner et al . Release of bFGF from Human Bone Marrow by Phospholipase C 128 1 Figure 7 . Time course of HSPG release from bone marrow cultures by PI-PLC or plasmin . Experimental conditions were as described in Fig . 3 . The medium control and the PI-PLC incubation mixture contained 100 KIU/ml of aprotinin . Cells were incubated with medium alone (lanes 1-4), plasmin (lanes 5-8), or PI-PLC (lanes 9-12) for 3 min (lanes 1, 5, 9), 10 min (lanes 2, 6, 10), 30 min (lanes 3, 7,11), or 120 min (lanes 4, 8,12) . Serum-free conditioned media (A) and the corresponding cell lysates (B) were analyzed by bFGF ligand blotting as described in Fig . 2 . beled by palmitic acid as these were also specifically precipitated with bFGF and anti-bFGF IgG (lane 2) . This might be due to the limited specificity of the metabolic labeling using fatty acids, since they have been found to be covalently attached to proteins by direct acylation (Schmidt, 1989) or to be converted to amino acids.
The release of the 200-kD HSPG by low concentrations of PI-PLC, as well as the presence of ethanolamine and a PI-PLC-removable fatty acid, indicate cell surface linkage of this molecule via a PI anchor .
Discussion
The multifunctional, autocrine growth factor, bFGF, is known to be a potent mitogen for human bone marrow stromal cells (Oliver et al ., 1990) and also stimulates myelopoiesis in long-term human bone marrow cultures (Wilson et al ., 1991) . In this report, we have shown that bFGF can be extracted from the ECM of primary human bone marrow cultures, as has been demonstrated for endothelial cell-derived ECM (Vlodavsky et al ., 1987) . This suggests that bFGF is produced by human bone marrow cells and that it is subsequently deposited into the stromal cell matrix . We . Cell extracts were prepared as described in Fig . 1 . and bFGF-binding HSPGs were isolated by addition of protein A-Sepharose coated with bFGF-anti-bFGF IgG complexes . Precipitates were analyzed by SDS-PAGE followed by autoradiography as described in Fig . 5 . Addition of protein A-Sepharose beads coated with preimmune rabbit IgG did not precipitate any of these bands (not shown) . The results of two separate labeling experiments are shown .
were, however, unable to detect significant amounts of bFGF in Triton X-100 cell lysates of bone marrow cells . This could be explained by the observation that the bFGF released during cell lysis is absorbed by the ECM (Gajdusek and Carbon, 1989 ) . An alternative explanation is the limited sensitivity of the immunoblotting technique. Thus, the concentration of bFGF in cell lysates might have been too low to be detected, whereas continuous bFGF deposition in the ECM probably led to the enrichment of the growth factor in the matrix .
Primary bone marrow cultures had a high capacity for binding bFGF (>70 ng/105 cells), and their binding sites were not saturable by concentrations as high as 1 jig/ml of growth factor. More than 95% of the bFGF binding sites in bone marrow cultures were heparin-like in nature, which is consistent with earlier results obtained with BCE cells, which express >101 heparin-like bFGF binding sites per cell compared to only 6,000-17,000 high affinity bFGF receptors per cell (Moscatelli, 1987 (Moscatelli, , 1988 .
The major bFGF binding protein in primary human bone marrow cultures was characterized as a cellular HSPG with a molecular size of ti 200 kD. This species was found in cell lysates and in conditioned media . The size of this bFGFbinding HSPG is similar to one of the bFGF-binding HSPGs of BCE cells identified previously (Saksela and Rifkin, 1990) , which had a molecular mass of ti 250 kD. Both proteoglycans were found in cell lysates and conditioned medium .
bFGF was very efficiently released from its binding sites in human bone marrow cultures by incubation with PI-PLC. Equimolar amounts of plasmin and heparinase were either less efficient or unable to solubilize significant amounts of bFGF in this system . However, it should be noted that the The Journal of Cell Biology, Volume 114, 1991 catalytic efficiencies of the different enzyme preparations were unknown . The bFGF was solubilized by PI-PLC as a complex with the 200-kD HSPG, since both molecules were coprecipitated with anti-bFGF IgG. This complex exhibited biological activity as it stimulated PA production in BAE cells, supporting the hypothesis that bFGF-HSPG complexes are biologically active and relevant . In fact, Yayon et al. (1991) have recently shown that heparin-like molecules are essential for the binding of bFGF to its high affinity receptor.
Essentially complete release of the major bFGF-binding molecule, the 200-kD HSPG (constituting -40 % of the total cellular proteoglycan), was observed after exposure to PI-PLC. Plasmin was less effective in solubilizing the 200-kD HSPG. The solubilization of the 200-kD HSPG by PI-PLC indicated a linkage of this proteoglycan to the cell surface via a PI anchor. This was confirmed by the metabolic labeling of the HSPG with ['H]ethanolamine or [3H]pahnitic acid . The fatty acid label could be partially removed by treatment of the HSPG with PI-PLC, indicating incorporation of the fatty acid in the PI anchor. PI-linked HSPGs have been described for several other cell types, hepatocytes (Ishihara et al ., 1987) , Schwann cells (Carey and Evans, 1989) , ovarian granulosa cells (Yanagashita and McQuillan, 1989) , and lung fibroblasts (David et al., 1990) . In contrast, a significant release by PI-PLC of the bFGF-binding HSPGs of BAE and BCE cells could not be detected under the conditions used . However, since the experiments with the bone marrow cultures were performed with primary human cells, while the experiments with the bovine endothelial cells were not, the presence of PI-linked HSPGs on primary human endothelial cells can not be excluded . In addition, the PI anchors in different PI-linked proteins vary in their structure and not all of these molecules can be released by PI-PLC (Low, 1989) .
Despite the large variety of proteins found to be linked to the cell surface via PI anchors (Low, 1989) , the biological significance of this anchor and the mechanism of its cleavage in vivo are not yet understood . In the instance of the 200-kD bFGF-binding HSPG of human bone marrow cultures, the PI linkage might provide a highly selective and efficient mechanism for releasing active growth factor without any additional perturbation of the microenvironment . Furthermore, the biologically active bFGF-HSPG complex, together with other PI-linked molecules on the stromal cell surface, might comprise a group of factors, which can cooperate in supporting haematopoiesis and which can be made available by the action of a single specific enzyme . While a constitutive secretion or shedding of the 200-kD HSPG from the bone marrow cultures can not be excluded, its spontaneous release even in the presence of the plasmin inhibitor aprotinin might indicate the presence of an endogenous anchor-specific phospholipase in these cultures .
This novel mechanism of the phospholipase-catalyzed release of active bFGF in human bone marrow cultures might result in the specific and sensitive regulation of the hematopoietic process in vivo. A cell surface-bound PI-PLC has recently been detected on Swiss 3T3 fibroblasts (Ting and Pagano, 1990) , and anchor-specific phospholipase Ds have been identified and purified from human plasma and bovine brain (Davitz et al ., 1989 ; Hoener et al., 1990) . Moreover, an anchor-specific phospholipase D has been demonstrated in human mast cells, a cell type which originates in the bone marrow (Gleichauf, C., P. Thomas, and M. A. Davitz . 1990 . J. Cell Biol. 111:1098 . However, an enzyme that might be capable of catalyzing the release ofbFGF-HSPG complexes in human bone marrow has not yet been identified.
In conclusion, bFGF deposition in the microenvironment ofbone marrow stromal cells and its release in a biologically active form either by a specific phospholipase or by the initiation of the proteolytic cascade of plasminogen activation, might constitute important events in cell-cell interactions of stromal and progenitor cells during haematopoiesis .
